Barrier to autointegration factor (BAF) is an essential conserved double-stranded DNA-binding protein in metazoans. BAF binds directly to LEM domain nuclear proteins (e.g. LAP2, Emerin, and MAN1), lamin A, homeodomain transcription factors, and human immunodeficiency virus type 1-encoded proteins. BAF influences higher order chromatin structure and is required to assemble nuclei. BAF also facilitates retroviral preintegration complex insertion into target DNA in vitro, through unknown mechanisms. We report that BAF binds directly and selectively to linker histone H1.1 (among three subtypes tested) and core histone H3 with affinities of ϳ700 nM and ϳ100 -200 nM, respectively, in vitro and in vivo. Mutations at the bottom and top surfaces of the BAF dimer disrupted or enhanced, respectively, this binding and affected H1 and H3 similarly. Biochemical studies showed that C-terminal residues 108 -215 of histone H1.1 and the N-terminal tail plus helix ␣N in the core of histone H3.1 were each necessary and sufficient to bind BAF. Based on its interactions with histones and DNA, we propose BAF might bind nucleosomes in vivo.
Barrier to autointegration factor (BAF) is an essential conserved double-stranded DNA-binding protein in metazoans. BAF binds directly to LEM domain nuclear proteins (e.g. LAP2, Emerin, and MAN1), lamin A, homeodomain transcription factors, and human immunodeficiency virus type 1-encoded proteins. BAF influences higher order chromatin structure and is required to assemble nuclei. BAF also facilitates retroviral preintegration complex insertion into target DNA in vitro, through unknown mechanisms. We report that BAF binds directly and selectively to linker histone H1.1 (among three subtypes tested) and core histone H3 with affinities of ϳ700 nM and ϳ100 -200 nM, respectively, in vitro and in vivo. Mutations at the bottom and top surfaces of the BAF dimer disrupted or enhanced, respectively, this binding and affected H1 and H3 similarly. Biochemical studies showed that C-terminal residues 108 -215 of histone H1.1 and the N-terminal tail plus helix ␣N in the core of histone H3.1 were each necessary and sufficient to bind BAF.
Based on its interactions with histones and DNA, we propose BAF might bind nucleosomes in vivo.
Barrier to autointegration factor (BAF) 3 is a conserved metazoan protein (reviewed by Segura-Totten and Wilson (1)). BAF was originally identified because of its ability to restore integration competence to salt-extracted retroviral preintegration complexes (PICs) isolated from the cytoplasm of cells infected with either Moloney murine leukemia virus (2, 3) or human immunodeficiency virus type 1 (HIV-1) (4). BAF is a host component of HIV-1 virions (5) and retroviral PICs (4, 6) . BAF is proposed to associate with the PIC through direct binding to retroviral DNA (2) , matrix protein (5) , and LAP2␣, a host-encoded LEM domain protein (see below) (7) . Human BAF is a 10.3-kDa (89-residue) protein that exists as a dimer in solution (8, 9) and can also form higher order oligomers in the presence of DNA (2, 10) . BAF binds in a non-sequencespecific manner to double-stranded DNA in vitro (10) . When incubated with 21-bp double-stranded DNA fragments, BAF forms nucleoprotein complexes consisting of six dimers (10) , the structure and implications of which are unknown. BAF has been proposed to change conformation in the presence of DNA, since a human autoantigen identified as BAF is only recognized by autoantibodies when bound to DNA (11) . In cultured vertebrate cells and Caenorhabditis elegans embryos, BAF is present in both the cytoplasm and nucleus with significant enrichment near the nuclear envelope (12) (13) (14) . However, in Drosophila embryos, BAF is primarily chromatin-associated (15) . Thus, BAF localization is proposed to be regulated by post-translational modifications as well as by direct binding to its multiple partners (see Ref. 1) .
BAF binds directly to a family of nuclear proteins bearing the conserved LEM domain motif (13, 16 -21) . Most LEM domain proteins (e.g. LAP2␤, Emerin, MAN1) are lamin-binding proteins anchored at the nuclear inner membrane (22, 23) . Another LEM domain protein, LAP2␣, has no transmembrane domain and colocalizes with A-type lamins in the nuclear interior (24) . Lamins form filaments essential for nuclear structure and function. Mutations in A-type lamins cause at least 10 tissue-specific diseases, including Emery-Dreifuss muscular dystrophy and progeria (accelerated "aging") syndromes (25) . Interestingly, BAF also binds lamin A in vitro (26) .
The roles of BAF in the nucleus have been enigmatic. BAF can repress Crx-dependent gene transcription in vivo (27) but also has potent large scale effects on chromatin architecture during nuclear assembly (12) . When small amounts of exogenous BAF (4% above endogenous) are added to cell-free nuclear assembly reactions, the resulting nuclei are larger than normal and have more evenly dispersed chromatin (12) . Higher levels of added BAF (20 -40% above endogenous) produce the opposite effect, blocking nuclear assembly and profoundly compacting chromatin (12) . These results showed that BAF influences chromatin structure and gene expression but did not reveal its mechanism. To explain these various results, we hypothesized that BAF might interact with histones, which organize chromatin and modulate gene activity by affecting chromatin compaction.
Core histones (H2A, H2B, H3, and H4) form nucleosomes, the fundamental unit of chromatin structure (28) . Other proteins, including linker histones (H1), high mobility group (HMG) proteins (29) , and regulatory proteins such as MeCP2 and Sir3 (30, 31) , further organize nucleosomes into compacted higher order structures (32) . Transcriptionally active and silenced chromatin are distinguished by at least two mechanisms: post-translational modifications of core histones (33) (34) (35) and enrichment for different subtypes of histone H1 (36, 37) .
Mammals have at least seven genes encoding subtypes of histone H1 (38, 39) . Linker histones range in mass from ϳ21-23 kDa and have a conserved tripartite domain organization (40) . Their short N-terminal tail ("N-tail") is proposed to bind DNA (41) and is post-translationally modified (42) (43) (44) . The central globular domain includes a DNA-binding motif (45, 46) and is thought to contact the nucleosome at the site of DNA entry/exit crossover (47) . The ϳ100-residue C-terminal tail ("Ctail") is highly basic, essential for DNA condensation (48, 49) , and independently capable of condensing DNA (50, 51) . Histone H1 subtypes differ most in their C-tail domains, which are proposed to confer unique properties to each subtype (52) (53) (54) . We report here that BAF binds selectively and with physiologically relevant affinities to linker histones and core histone H3, in vitro and in vivo. We propose that BAF might influence higher order chromatin structure by binding to specific histones and, potentially, nucleosomes.
MATERIALS AND METHODS

Purified Proteins and [
35 S]Met-Labeled Probes-Total avian erythrocyte histones (catalog number 13-107) and purified calf thymus histone H1 (catalog number 14-155) were obtained from Upstate USA, Inc. (Charlottesville, VA). Recombinant yeast core histones were purified from bacteria (55, 56) . 35 S-Labeled BAF and other probes were synthesized in eukaryotic coupled transcription/translation reticulocyte lysates (TNT; Promega, Madison, WI) as described (12) in the presence of [ 35 S]methionine (RedivuePRO-MIX; Amersham Biosciences), using the T7 promoter of pET plasmids encoding human wild type or mutant BAF (12) , human histone H3.1 (a kind gift of T. OwenHughes and J. Workman), human histone H1.1 or H1.2 (see below), or wild type emerin (20) . Bacterially expressed emerin and BAF proteins were purified as described (12, 20) . BAF dimers were isolated by size exclusion chromatography (Superdex 200 16/60 column; Amersham Biosciences) after histidine tag cleavage with thrombin as described (10) . Bacterially expressed GST-fused histones were purified as described below. BSA was purchased from Sigma (catalog number A7906 -500G).
Human Histone H1 Constructs for in Vitro Transcription/Translation-Recombinant human histones H1.1 and H1.2 were PCR-amplified from a HeLa cDNA library. For full-length human H1.1, we used a 5Ј primer with an NdeI site (5Ј-GTATTCATATGTCTGAAACAGT-GCCTCCCGCC-3Ј) and 3Ј primer with a BamHI site (5Ј-GTTATTG-GATCCTTACTTTTTCTTGGGTGCCGCTTTC-3Ј) and cloned into the NdeI and BamHI sites of pET15b vector (Novagen, Inc., Madison, WI). Full-length H1.2 was amplified using a 5Ј primer with an NdeI site (5Ј-GTTATTCATATGTCCGAGACTGCTCCTGCCGCTC-3Ј) and 3Ј primer with a BamHI site (5Ј-GTTATTGGATCCCTATTTCT-TCTTGGGCGCCGCCTTC-3Ј) and cloned into pGEM-T Easy vector (Promega Corp., Madison, WI). Inserts were verified by doublestranded DNA sequencing (data not shown). The mouse H1o cDNA in vector pET11d was a kind gift from X. Lu and J. Hansen (Colorado State University).
Proteolysis Assays, SDS-PAGE, and Blot Overlay Assays-Purified calf thymus linker histones were dissolved in buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl, 2 mM MgCl 2 ) to a final concentration of 2 mg/ml. Chymotrypsin (Sigma) was added to a final concentration of 100 ng/ml. Samples were digested at 10°C as described (57) , and aliquots were removed at the times indicated, quenched by the addition of SDS-sample buffer, resolved by SDS-PAGE (NuPAGE TM 4 -12% bis-Tris gels; Invitrogen), and transferred to Protran nitrocellulose membranes (Schleicher and Schuell). Membranes were blocked and probed as described (20) with 35 S-labeled proteins synthesized in eukaryotic TNT reactions and then washed, dried, and exposed to x-ray film (Denville Scientific Inc., Metuchen, NJ).
Microtiter Binding Assays-Microtiter assays were done essentially as described (26) , but using PCR-amplified DNA as the substrate to produce each 35 S-labeled protein in vitro. For linker histones, the initiating methionine contained the radiolabel. DNA fragments encoding portions of H1.1 were PCR-amplified from the full-length H1.1 plasmid, using 5Ј primers that contained a T7 promoter site and Kozak consensus sequence to drive protein expression in vitro plus the following nucleotides to specify fragments A and B (5Ј-TCTGAAACAGTGCC-TCCCGCC-3Ј), fragment C (5Ј-GCTAGCAAAAAGAGCGTCAAG-3Ј), fragment D (5Ј-TCCTCCGTGGAAACCAAGCCC), fragments E and H (5Ј-TTCAAGCTCAACAAGAAGGCG-3Ј), fragment F (5Ј-TC-GGGTTCCTTCAAGCTCAAC-3Ј), and fragment G (5Ј-GGAACGT-TGGTGCAGACAAAG-3Ј). The 3Ј primer comprised a poly(A) 30 35 S-labeled probe in a final volume of 100 l of transport buffer per well. Wells were rinsed five times with transport buffer and eluted with 50 l of 5% SDS, and bound proteins were quantified by scintillation counter. Molar amounts of total, and bound 35 S-labeled proteins were calculated as described in Refs. 26 and 58.
GST Pull-down Assays-Full-length H3.1 or H3.1 residues 1-64 (counting the initiating methionine as residue number 1) were cloned into the pETGEXCT vector (a gift from S. Buratowski, Harvard Medical School) to fuse GST to the C terminus of each. A plasmid encoding GST fused to the N terminus of the H3.1 tail (residues 1-47; "GST-tail") was obtained from J. Workman (Stowers Institute for Medical Research). Recombinant GST-fused histones were expressed in E. coli (BL21) and purified as follows. Cells were lysed in phosphate-buffered saline (10 mM phosphate-buffered saline, 138 mM NaCl, pH 7.4) containing 350 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, and protease inhibitors.
Lysates were clarified by centrifugation (10 min, 20,000 rpm in an Avanti J-20XP centrifuge, 4°C), and the supernatants were loaded onto a GST fast flow column (Amersham Biosciences). Bound proteins were eluted in phosphate-buffered saline, pH 8, plus 350 mM NaCl and 40 mM glutathione. Eluted proteins were dialyzed overnight at 4°C into 100 volumes of buffer (20 mM Tris-HCl, pH 7.6, 300 mM NaCl, 1 mM EDTA, and 1 mM dithiothreitol), purified by ion exchange chromatography (Mono S HR 10/10; Amersham Biosciences), washed with 15 column volumes of 20 mM Tris-HCl, pH 7.6, plus 300 mM NaCl, and eluted using a linear 0.3-1.0 M NaCl gradient over 15 column volumes. Equal amounts (ϳ10 g) of each fusion protein or GST alone were allowed to bind 20 l of glutathione-agarose beads (Sigma) for 3 h at 4°C. After washing with immunoprecipitation (IP) buffer (see below), beads were incubated at 4°C overnight with gentle rotation with ϳ20 g of purified untagged BAF dimers in a final reaction volume of 200 l. Beads were then washed three times with IP buffer, and the bound proteins were eluted with 2ϫ SDS sample buffer, resolved by SDS-PAGE (4 -12% NuPAGE TM gels) and detected by Coomassie Blue stain.
Transfections and Immunoprecipitations-Full-length human H1.1 and H1.2 were cloned into the pcDNA3.1 Myc-His expression vector (Invitrogen) to generate C-terminally Myc-His-tagged proteins. Fulllength H3.1 was cloned into the pcDNA3.1 FLAG-HA expression vector, a kind gift from C. Lerin (Johns Hopkins University), to generate an N-terminally FLAG-HA-tagged protein. The pEGFP-C1 expression vector (CLONTECH) was used to express green fluorescent protein (GFP). Each construct and its corresponding empty vector were transiently transfected into HeLa cells using LT1 (Mirus, Madison, WI) as per the manufacturer's instructions and allowed to express for 24 h. Transfected cells were lysed in IP buffer (20 mM HEPES, pH 8, 150 mM NaCl, 0.1% Nonidet P-40, 10 mM EDTA, 2 mM EGTA, 2 mM dithiothreitol, protease inhibitors) and treated with benzonase (300 units/l; EMD Chemicals Inc., Gibbstown, NJ) for 30 min on ice to degrade DNA. Lysates were then sonicated four times (15 s each) and centrifuged (10 min, 14,000 rpm in an Eppendorf 5415C microcentrifuge, 4°C), and the supernatants were precleared with Protein A-Sepharose (Amersham Biosciences) for 1 h at 4°C and then recentrifuged to obtain cleared cell lysates. For each immunoprecipitation, 300 l of precleared lysate was incubated overnight at 4°C with 7.5 l of rabbit anti-BAF serum 3273 (59) plus 7.5 l of rabbit anti-BAF serum 5045 (described below) or no serum, as a control. We then added 15 l of Protein A-Sepharose, incubated for 2 h at 4°C, pelleted (1,500 rpm in an Eppendorf 5415C microcentrifuge, 4°C), and washed four times with IP buffer. Bound proteins were eluted using 100 mM glycine, pH 3, and neutralized by adding 4ϫ sample buffer containing 60 mM Tris base to a final concentration of 1ϫ sample buffer and 15 mM Tris base. Samples were resolved by SDS-PAGE (4 -12% NuPAGE TM gels), and proteins were detected using monoclonal antibodies against Myc (1:1000 dilution; Santa Cruz Biotechnology, Inc., Santa Cruz, CA), HA (1:1500 dilution; Covance, Inc., Berkeley, CA), GFP (1:500 dilution; Santa Cruz Biotechnology), or rabbit serum 3273 against BAF (59) at 1:40,000 dilution.
Anti-BAF Serum 5045-To facilitate immunoprecipitation of BAF, rabbit serum 5045 was raised against full length (His-tagged) purified recombinant human BAF by Covance and used in combination with serum 3273, which recognizes human BAF residues 4 -20 (59) .
RESULTS
We first used [
35 S]BAF to probe blot-immobilized histones from three sources. Purified bacterially expressed yeast core histones, total histones purified from avian erythrocytes, and linker histones purified from calf thymus were resolved on duplicate SDS-polyacrylamide gels. One gel was stained with Coomassie, revealing the expected migration pattern for histones (Fig. 1A) (Fig. 1B) . Very weak binding to histones H4 and H2B was seen on longer exposures (data not shown). We concluded that BAF binds core histone H3 and at least three of the seven linker histones that comigrate in SDS-polyacrylamide gels. Since the yeast core histones were expressed in bacteria, we further concluded that eukaryotic post-translational modifications of H3 were not required to bind BAF.
BAF Binds Recombinant Histone H1.1 with Submicromolar Affinity but Not H1.2 or H1o-To independently confirm and quantify BAF binding to linker histones, we used a microtiter binding assay in which linker histones were immobilized in wells. BSA served as a negative control. [ 35 S]BAF bound a mixture of native (potentially post-translationally modified) purified calf thymus linker histones with an apparent equilibrium affinity of ϳ1 M (n ϭ 3 triplicate sets; data not shown). This result confirmed the interaction but did not reveal whether BAF discriminated between histone H1 subtypes. We therefore tested three purified recombinant subtypes (human H1.1 and H1.2, mouse histone H1o) for which cDNAs were available. These subtypes are encoded by three different genes (39) and have distinct properties in living cells (36, 37, 60, 61) . Mouse and human H1o proteins are 94.3% identical (62), and we assume that the mouse protein behaves like human H1o. All three subtypes have nearly identical globular domains ( Fig. 2A, GD) but differing N-and C-tail domains ( Fig. 2A) (Fig. 2C) . These findings independently confirmed the blot overlay results and showed that, of the three subtypes tested, BAF binds selectively to H1.1 with physiologically relevant affinity (see "Discussion"). We concluded that BAF discriminates in vitro between three related linker histones. The other four H1 subtypes remain to be tested.
BAF Binds the C-tail of Histone H1.1 plus Crucial Residues in the Globular Domain in Vitro-We used two approaches to map the H1.1 domain recognized by BAF. We first digested the mixture of purified calf thymus linker histones with chymotrypsin, which cleaves preferentially at a unique conserved phenylalanine (Phe-108 in H1.1) in the globular domain near the C-tail (see Fig. 2A , asterisks) (63) . Next, aliquots were removed from the chymotrypsin reaction at different times and quenched by adding SDS-PAGE loading buffer. All samples were resolved by SDS-PAGE, transferred to nitrocellulose, stained with Ponceau S to visualize the extent of cleavage (Fig. 3A, left) , washed, and then probed with wild type [ 35 S]BAF (Fig. 3A, right) . The mixture of linker histones migrated as a doublet band under these gel conditions; similarly, chymotrypsin cleavage yielded two major C-tail bands as expected, due to different length C-tails in this mixture of linker subtypes (57), plus one N-tail band. Total avian histones were used as size standards (Fig. 3A, S) , since the C-terminal cleavage products are known to migrate between H1 and the core histones (64) . [ 35 S]BAF bound fulllength linker histones and C-tail fragments (Fig. 3A , right, double asterisk) but not the faster migrating N-tail fragment (Fig. 3A, right, single  asterisk) . Thus, BAF appeared to recognize the C-tail domain of histone H1.1.
To identify a minimal binding site for BAF, we synthesized several 35 S-labeled fragments of human histone H1.1 (Fig. 3B) . Each radiolabeled fragment was incubated with purified recombinant BAF immobilized in microtiter wells, with BSA-containing wells as negative controls. Full-length [
35 S]H1.1 bound BAF (Fig. 3D, WT) , as expected. Large C-terminal deletions (Fig. 3B, fragments A and B) or N-terminal deletions (Fig. 3B , fragment C) greatly reduced or disrupted binding (data not shown), suggesting that the entire C-tail was essential for binding. However, the C-tail alone (Fig. 3B, fragment D) was insufficient for binding (data not shown), unless we included seven residues of the globular domain to recreate the C-terminal chymotrypsin fragment (Fig. 3, B and D ; fragment E). Extending this polypeptide by either 3 or 14 residues to reconstitute half or all (respectively) of a ␤-hairpin structure (45) in the globular domain (Fig. 3C ) inhibited binding to BAF (Fig. 3, B and D; fragments F and G). We speculate that these additional residues (105-107 and 94 -107 in H1.1) are normally anchored to the globular domain in the full-length histone, and without this domain they can flexibly disrupt binding to BAF. Interestingly, binding to BAF was also lost when five residues were removed from the C terminus of fragment E to generate fragment H (Fig. 3B, data not shown) . The equilibrium affinity of fragment E for BAF was 559 nM (range 440 -661 nM, n ϭ 3 triplicates; Fig. 3E ). This affinity was comparable with that of full-length H1.1 (range 519 -915 nM; Fig. 2C ). We concluded that the last seven residues of the globular domain (Phe-108 to Ala-114) plus the entire C-tail of H1.1, totaling 108 residues, were necessary and sufficient to directly bind BAF in vitro.
BAF Binds Core Histone H3 and Human Histone Variant H3.1 in Vitro-To investigate whether BAF discriminated between different forms of histone H3, we used bacterially expressed Xenopus H3 (xH3; 98.5% identical to human H3) and in vitro transcribed/translated human histone H3.1 (hH3.1) (65). Both H3 and H3.1 are expressed and incorporated into chromatin during S-phase (replication-coupled), and their synthesis decreases during cell differentiation (65) . The binding affinity of [
35 S]hH3.1 for recombinant purified human BAF was 106 nM (range 87-108 nM, n ϭ 3 triplicates; Fig. 4A ). Similar results were found with purified N-terminally His-tagged BAF immobilized on a nickel matrix (HisGrab TM plates; data not shown; see "Materials and Methods"). The equilibrium affinity of [
35 S]BAF for xH3 was 190 nM (range 128 -262 nM, n ϭ 3 triplicates; Fig. 4B ), almost 2-fold weaker than hH3.1 but still significant. These findings independently confirmed the blot overlay results (Fig. 1) and showed that BAF binds replication-coupled (72, 73) . Identical residues are shaded black; similar residues are shaded gray. The three domains characteristic of linker histones (N-tail, globular domain (GD), and C-tail) are marked by dotted, solid, and dashed lines, respectively. The conserved chymotrypsin cleavage site (Phe-108 in H1.1) is marked by asterisks, and residues Gly-94 and Ser-105 (relevant to Fig. 3 were incubated with constant amounts of BAF (or negative control BSA) immobilized in microtiter wells; moles bound were plotted after subtracting the BSA background (n ϭ 3 triplicates). C, the equilibrium affinity of H1.1 for BAF determined in microtiter assays was 702 nM (range 519 -915 nM, n ϭ 3 triplicates). Increasing concentrations of [
35 S]H1.1 were added to constant amounts (2 g) of recombinant Histagged BAF immobilized in wells. Double reciprocal plots (not shown) were used to determine the affinity constant as described (26, 58) . The bars in B and C indicate S.D.
isoforms of histone H3 with physiologically relevant affinities of ϳ100 -200 nM in vitro. From the blot overlay results (Fig. 1B) , BAF also binds yeast histone H3, which corresponds to the human replication-independent histone variant H3.3; this form of H3 is used to remodel chromatin and replaces H3 and H3.1 in actively expressed genes (66) . Thus, BAF is a high affinity partner that binds all major isoforms of histone H3 in vitro.
BAF Binds the Globular Domain of H3.1 in Vitro-To determine which domains in H3 were recognized by BAF, we generated full-length H3.1 and fragments thereof as GST fusion proteins (diagrammed in Fig.  4C ). Most of the N-terminal tail (residues 1-41 counting the initiating methionine as number 1) and portions of the first ␣-helix of the core region (residues 46 -57; ␣N) are surface-exposed in the context of the nucleosome (67) and therefore potentially accessible to BAF. Bacterially expressed, purified GST fusion proteins were immobilized on glutathione-agarose, incubated with purified recombinant BAF dimers (10.6 M), resolved by SDS-PAGE, and stained with Coomassie Blue (Fig.  4D) . BAF bound directly and equally (densitometry data not shown) to full-length H3.1-GST (Fig. 4D, lane 6) and H3.1 residues 1-64 (Fig. 4D,  tailϩ␣N-GST, lane 8) . BAF did not bind detectably to the N-terminal tail (Fig. 4D, GST-tail, lane 10) . These interactions were specific, since BAF did not bind GST-beads or beads alone (Fig. 4D, lanes 4 and 2,  respectively) . We concluded that direct interaction requires helix ␣N residues in the core region of histone H3.1. The first 47 residues of H3, comprising the N-tail (residues 1-40) and the "short linker" (residues 41-45), were not sufficient to bind BAF in vitro but might contribute to binding. We concluded that BAF binds directly to core region ␣N and potentially also the H3 tail, which are exposed and available in the context of the nucleosome. BAF bound substoichiometrically to full-length H3 in both the microtiter (Fig. 4, A and B; 2-20% bound) and GST pull-down assays (Fig. 4D, ϳ3% of input BAF bound) . Thus, our measured affinities are conservative estimates; histone monomers are probably suboptimal ligands for BAF, since histones associate as tetramers (e.g. H3-H4) or octamers (e.g. in the nucleosome) in vivo.
BAF Associates with H1 and H3 in Vivo-To investigate whether BAF associates with histones in vivo, we used antibodies against BAF to immunoprecipitate lysates from HeLa cells transiently transfected to express either H1.1-Myc, H1.2-Myc, HA-H3.1, or, as controls, the corresponding empty vector plus GFP (see "Materials and Methods"). Immunoblots of input, pellet, and supernatant fractions (I, P, and S, respectively) were probed with antibodies against either Myc, HA, GFP, or BAF (Fig. 4E ). Confirming our in vitro results, endogenous BAF coimmunoprecipitated with both Myc-tagged H1.1 and HA-tagged H3.1 (Fig. 4E, lanes 5 and 14, respectively) . The association was specific, since BAF did not pellet in the absence of antibody (Fig. 4E, lane 17) , and control GFP protein did not pellet with BAF (Fig. 4E, lanes 2 and 11) . Interestingly, endogenous BAF also co-immunoprecipitated with Myctagged H1.2 (Fig. 4E, lane 8 (Fig. 5A) . As a control, 25% of each probe was resolved by SDS-PAGE and visualized by autoradiography (Fig. 5A , bottom) to verify similar levels of each probe and quantify binding of each mutant relative to wild type BAF (data not shown). A second set of eight alanine substitution mutations in BAF (68) were also tested (Fig. 5B) . In general, mutations that either disrupted or enhanced BAF binding to histones affected H1 and H3 similarly. This was unexpected, since the BAF-binding regions of H1 and H3, mapped above, are dissimilar in sequence and structure. Several BAF mutants showed slightly reduced (mutants D9A, I26A, and K41E) or severely reduced (K6A, G25E, L46E, G47E, and V51E) binding to histones, relative to the amount of each input probe. Other mutations slightly enhanced (K18A, K41A, K54A, R60E, R75E, C80A, and R82E) or greatly enhanced (R8A, P14A, K53E/A, W62A, and K64E) binding to histones (Fig. 5, A and  B) . The remaining BAF mutants (V29A, K32E, K33E, R37A, and L50A) gave signals similar to wild type BAF. BAF mutants were also tested for binding to blot-immobilized purified calf thymus linker histones (rather than avian histones) with similar results except for two mutations; V29A abolished binding to calf histones, and K53E was indistinguishable from wild type (data not shown). All results are compared in TABLE ONE with previously tested binding partners emerin, DNA, and the C-terminal domain of MAN1 (MAN1-C) (12, 68, 69) .
PyMol software was used to color on the BAF dimer structure the positions of wild type residues in which mutations either partially reduced or enhanced (light blue or light pink respectively) or severely reduced or enhanced (dark blue or dark pink, respectively) BAF binding to histones (Fig. 5C) . Two "strongly enhancing" mutations localized to the center front and center back (Fig. 5C, front view, K53E/A) , whereas other strongly enhancing mutations mapped to the top (R8A and P14A) or bottom (W62A and K64E; Fig. 5C ) of the BAF dimer. Several "enhancing" mutations (K53E, R60E, K64E, R75E, and R82E) switched a positively charged to a negatively charged residue; since histones are basic, enhanced binding might be due to charge effects, with the exception of residue Lys-53, since the alanine substitution mutant also showed an "enhanced" binding phenotype. Other "enhancing" mutations that cannot be explained by charge effects were R8A, P14A, and K18A, located on the top surface of the BAF dimer, suggesting that the top surface has an interesting role with respect to histones.
Wild type residues Val-51 (on the bottom surface) plus Lys-6 and Gly-25 (located at the proposed DNA binding surface; Fig. 5C , side view; see Ref. 9) were the only surface-exposed residues tested in which a mutation significantly reduced binding to histones (Fig. 5C, bottom and  side views) . However, this analysis did not reveal any "histone-specific" mutations. The G25E mutant was a negative control, because it does not dimerize, has no binding activity, and is inactive when added to nuclear assembly reactions (TABLE ONE; see also Ref. 69) . Mutation of residue Val-51, which defines a hydrophobic groove on the bottom surface of BAF, also disrupts binding to emerin, MAN1-C, and DNA (TABLE  ONE) . Similarly, the Lys-6 mutation also abolishes binding to DNA and MAN1-C (TABLE ONE; other partners have not yet been tested). We (9) downloaded from the Protein Data Bank (on the World Wide Web at www.pdb.org) was used to locate and color wild type residues in which mutations greatly enhanced (dark pink), slightly enhanced (light pink), slightly reduced (light blue), or abolished (dark blue) binding to histones. The front view was rotated 90°toward or away from the reader to obtain the top and bottom views, respectively. To obtain the side view (DNA-binding surface), the front view was rotated 90°to the right.
conclude that the BAF-histone interaction involves several surfaces of BAF, including the hydrophobic groove defined by Val-51, and potentially also the DNA-binding surfaces.
DISCUSSION
We show that BAF binds linker histone H1.1 and core histone H3 with affinities of ϳ500 -900 and ϳ100 -200 nM in vitro, respectively. These affinities are biologically relevant, since BAF has an estimated concentration of ϳ9 M near the nuclear inner membrane (26) and 1.9 M within the nucleus. 4 BAF binds emerin more tightly than histone H1.1 in vitro (K d of 200 nM versus 700 nM), consistent with the enriched localization of endogenous BAF at the nuclear envelope of cultured Xenopus and HeLa cells (12, 59 ) and the reduced mobility of emerinbound GFP-BAF in living HeLa cells (14) . Since chromatin is abundant near the nuclear envelope, BAFs high affinity in vitro for H3 (ϳ100 -200 nM) and H1.1 (ϳ700 nM) may also contribute to its enrichment at the nuclear periphery. However, given these relatively high affinities in vitro, why would GFP-BAF have such rapid (ms) recovery half-times in vivo (14) ? One possibility is that GFP perturbs BAF binding to histones. Alternatively, BAF might have dynamic roles in chromatin structure, similar to HMG proteins and linker histones, which are also mobile in vivo (70) . If BAF-histone interactions are dynamic, they might be regulated by post-translational modifications in vivo. Indeed, BAF is phosphorylated on Ser-4 and other residues at multiple stages of the cell cycle in vivo. 5 Endogenous BAF can also form stable (immobile) complexes with LAP2␣ and telomeric chromatin at early stages of nuclear assembly (21) . Furthermore, BAF, H1, and H3 co-purify from HeLa cell nuclei as stable components of a 1-MDa emerin-containing native complex, 6 supporting their in vivo interactions. Thus, whereas most BAF appears rapidly mobile, subpopulations of BAF can be relatively immobile in vivo, suggesting both positive and negative regulation of BAF interactions in the nuclei of living cells. Our results, which demonstrate direct binding of BAF to core histone H3 and at least one linker histone (H1.1) in vivo and in vitro, are a major step toward understanding how BAF interacts with chromatin in cells. e Wild type phenotype enhanced chromatin decondensation (E) at low added concentrations of BAF but compressed chromatin (C) at high added concentrations (E-C)). I-I, inactive; C-C, always compressed; I-C, inactive to compressed. f ϩϩ, Ն50% of wild type activity using 40 nM BAF; ϩ, activity only observed using 200 nM BAF; Ϫ, undetectable (Ͻ2%) activity. g V29A does not bind calf linker histones. h K53E shows wild type binding to calf linker histones.
BAF Residues Involved in Binding
Histones-Our analysis of BAF missense mutants suggests that histones might contact the bottom groove of the BAF dimer and potentially also the side (where DNA binds) and top surfaces. Further experiments are needed to determine whether BAF binds histones and DNA cooperatively, competitively, or noncompetitively.
Four Ala substitution mutations in BAF (R8A, P14A, K18A, and W62A) and the K64E mutation each enhanced binding to histones but exhibited wild type binding to emerin and/or DNA (12, 68) . Thus, these wild type residues and particularly the "top" surface of the BAF dimer might normally restrict or inhibit binding to histones. Interestingly, two of these mutants have dominant effects on chromatin when added to nuclear assembly reactions (TABLE ONE; see Ref. 12); even small amounts of mutant proteins P14A or K18A dominantly compress chromatin (TABLE ONE, C-C phenotype), supporting the notion that the top surface of BAF is physiologically relevant to histone binding and higher-order chromatin structure. The other "enhancing" mutations map on the bottom edge (W62A and K64E) or top edge (R8A) of the dimer, and current information is insufficient to explain their phenotypes. Nevertheless, the dominant chromatin compression phenotype caused by mutants P14A and K18A is consistent with and possibly explained by their enhanced binding to histones.
Two residues in which mutations significantly reduced binding to histones (L46E and G47E) are buried in the dimer interface; these mutant proteins purify as dimers by gel filtration chromatography (data not shown), but the dimers are weak, as shown by increased rates of exchange with wild type BAF (12, 68) . The L46E mutation completely inactivates BAF both in vitro and in nuclear assembly reactions (12, 68) . In contrast, mutation G47E abolishes binding to emerin, MAN1-C, and histones, but not DNA (12, 69) (see TABLE ONE). Mutant G47E dominantly compresses chromatin (TABLE ONE, C-C phenotype) even when added at low levels (4% over wild type) to Xenopus nuclear assembly reactions (12) . Thus, we speculate that this mutant is dominant, because it can still cross-bridge DNA but fails in its "positive" role (chromatin decondensation) due to lack of binding to histones or LEM domain proteins. It is worth emphasizing that BAF is known to have positive roles in vivo; BAF is required to decondense chromatin during nuclear assembly, and this activity requires interactions with at least two types of partners: LEM domain proteins and lamins (13, 71) . Our current findings add two new interactors, histones H3 and H1, to this picture.
BAF Interacts with the Tail of Histone H1.1-The last seven residues of the globular domain plus the C-tail of histone H1.1 were necessary and sufficient to bind BAF. Very few residues distinguish the BAFbinding region of H1.1 from H1.2, which did not bind BAF directly in vitro. Indeed, the seven critical residues (FKLNKKA) in the globular domain are identical in H1.1 and H1.2, suggesting that they are required but that specificity is determined exclusively by the C-tail. Of the three H1 subtypes we tested, only one (H1.1) bound directly to BAF in vitro. Four other subtypes are currently being tested; at least two (in addition to avian-specific histone H5) are expected to bind BAF based on the number of bands visualized in the blot overlay experiments (Fig. 1B) .
Unexpectedly, BAF associated with both H1.1 and H1.2 in vivo (Fig.  4E) . We hypothesize that H1.2 either binds BAF indirectly, via other protein(s) or by association with nucleosomes, or directly after posttranslational modification(s) of one or both proteins. In this regard, BAF as well as linker histones are known to be post-translationally modified. BAF is phosphorylated in Ser-4 and other residues at many stages of the cell cycle. 5 In mammalian cells, linker histones are heavily modified by acetylation, methylation, and phosphorylation (43); interestingly, cyclindependent kinases phosphorylate linker histones at the consensus motif S/T-P-X-Z (where X represents any amino acid, and Z is a basic amino acid) (42) . These motifs are thought to mediate DNA condensation and are located in the "HMG-box-like fold" domain in the linker histone tail (72, 73) . H1.1 has two (S/T)PXK motifs, whereas H1.2 has at least four (S/T)PXK motifs (74) . Of all linker histones, H1.1 and H1.2 have the shortest C-tails, and both bind and dissociate from chromatin rapidly (recovery times of ϳ100 s in FRAP experiments) (74) . Interestingly, both subtypes associate preferentially with open/active chromatin (37), consistent with our co-immunoprecipitation of both subtypes from HeLa cells.
Histone H1.2 is highly abundant and is expressed in most tissues examined (37) . In contrast, H1.1 expression is restricted to thymus, spleen, neurons, testis, and lymphocytes (60, 75, 76) . Four of these tissues (thymus, spleen, neurons, and lymphocytes) are notably susceptible to infection by HIV-1 (see below). However, general conclusions about the properties of BAF-binding linker histones must await further studies of the remaining four subtypes. We speculate that BAF binds directly to at least one ubiquitous subtype, since BAF itself is expressed nearly ubiquitously.
BAF Interacts with Helix ␣N of H3-Histone H3 has three ␣-helices (␣1, ␣2, and ␣3) and two intervening loops (L1 and L2) that comprise its "histone fold domain" plus an ␣-helical extension named ␣N (residues 46 -57; with initiating methionine as number 1), which connects to the N-tail (residues 1-41) via a short linker (residues 42-45) (67). Helix ␣N binds 13 bp of the DNA superhelix and contacts parts of core histones H4 and H2A but also has residues that are exposed on the nucleosome surface (67) . We found that residues 1-64 were sufficient to bind BAF directly in vitro, whereas residues 1-47 (the tail and short linker) were insufficient. Thus, we deduce BAF binds directly to helix ␣N but cannot rule out additional interactions with the linker or N-tail. Interestingly, BAF binding to the H3 core (␣N domain) has the potential for direct post-translational regulation. Other regions of the core are known to be modified in vivo (e.g. Lys-79 methylation during telomeric silencing) (77) , and a recent peptide mass fingerprint analysis showed methylation of either Arg-52, Arg-53, or Lys-56 in helix ␣N in vivo (33) . We speculate that these (and other) exposed residues in ␣N might directly contact BAF. Further regulation of BAF-H3 binding via post-translational modifications of the H3 tail is also possible.
Implications for BAF Function during Retroviral Preintegration-By binding histones (or nucleosomes), BAF has the potential to influence the mechanism or sites of HIV-1 integration into human chromosomes. HIV-1 integrates preferentially into regions containing active genes (78) . This bias could be a consequence of more accessible chromatin structure; in this case, BAF might simply help position the incoming viral DNA on histones or nucleosomes. Alternatively, we speculate that BAF might facilitate retrovirus insertion in vivo via preferential association with histone H1.1 (and/or H1.2), which, as noted above, are enriched in active chromatin and highly expressed in cells and tissues that can be infected by HIV-1. A small number of BAF mutants were previously tested for their ability to reconstitute the DNA integration activity of salt-extracted HIV-1 PICs in vitro (68); only two mutants had reduced (mutant K6A) or undetectable (mutant I26A) PIC reconstitution activity, and both also had reduced binding to histones in our assays (TABLE ONE) . Thus, BAF interactions with histones might be relevant to HIV-1 integration.
Model: BAF Interacts with Nucleosomes-We propose that a major physiological target for BAF is the nucleosome. This model is based on the direct binding of BAF to the globular domain of histone H3 and to selected linker histones, including H1.1, and its direct nonspecific bind-ing to double-stranded DNA. This model is also consistent with the rapid (ϳ260-ms) diffusional mobility of BAF in vivo (14) , since HMG and linker histones, which regulate nucleosome compaction in vivo, are also mobile with diffusional half-times on the order of seconds (70) . If BAF were to influence nucleosome compaction or decompaction, this would provide a mechanism for its observed effects on higher order chromatin structure and nuclear assembly (see Introduction) and potentially explain why BAF is essential in metazoans.
To date, chromatin immunoprecipitation experiments have yielded no evidence that BAF associates preferentially with either silenced (K9-methylated H3) or active (K4-methylated H3) chromatin. 7 Indeed, the ability of BAF to influence both chromatin compaction and decondensation in cell-free Xenopus nuclear assembly extracts, which are inactive for gene expression, suggest that BAF might organize higher order chromatin structure irrespective of its transcriptional status. Testing the hypothesis that BAF regulates nucleosome organization will be a major focus of future work.
